Activin A is a member of the transforming growth factor-␤ superfamily, which we have identified as having a role in inflammatory responses. We show that circulating levels of activin increase rapidly after LPS-induced challenge through activation of Toll-like receptor 4 and the key adaptor protein, MyD88. Treatment with the activin-binding protein, follistatin, alters the profiles of TNF, IL-1␤, and IL-6 after LPS stimulation, indicating that activin modulates the release of several key proinflammatory cytokines. Further, mice administered one 10-g dose of follistatin to block activin effects have increased survival after a lethal dose of LPS, and the circulating levels of activin correlate with survival outcome. These findings demonstrate activin A's crucial role in the inflammatory response and show that blocking its actions by the use of follistatin has significant therapeutic potential to reduce the severity of inflammatory diseases.
O
ne of the most potent pathogen-derived inflammatory signals is the Gram-negative bacterial cell wall component, LPS, which induces a massive release of cytokines and other inflammatory mediators in the infected host. TNF, IL-1␤, and IL-6 are key proinflammatory cytokines induced by LPS. In particular, TNF rapidly increases in the circulation after exposure to LPS and is regarded as one of the earliest cytokines released. This release is critical to the orchestration of the innate immune response, but requires tight regulation to limit the resulting inflammation, which can result in endotoxic shock and, at worst, multiple organ failure (1) . Endotoxic shock continues to be one of the most frequent causes of death in the modern hospital intensive care unit. It is now understood that LPS mediates its effects through a member of the highly conserved Toll-like receptor (TLR) family, TLR4, leading to the induction of numerous proinflammatory genes in most cell types, particularly macrophages (2) .
Activin A, isolated initially as a stimulator of pituitary folliclestimulating hormone (FSH) secretion, also influences a number of other processes such as embryogenesis, neuroprotection, apoptosis, and fibrosis (3) . These activin A actions can be blocked by its high-affinity-binding protein, follistatin (4) . Activin A levels and expression are increased in several inflammatory diseases such as septicemia, inflammatory bowel disease, and rheumatoid arthritis (5-7), which raises the possibility that it plays a significant role in the acute inflammatory response.
In this study, we report the response of activin A in mice given LPS, determine its mode of stimulation, and define its importance in the inflammatory cascade by blocking its bioactivity by using follistatin (4) . Our data implicate activin A as a component of the innate immune response, initiated by TLR4 activation through the MyD88 pathway, and show that it modulates the release of key proinflammatory cytokines. Blockade of its actions with follistatin alters the cytokine response to LPS and reduces mortality during lethal endotoxemia in mice.
Results
Circulating Activin A Is Acutely Elevated After LPS Challenge. We first established whether activin A was released rapidly into the circulation of mice in response to LPS challenge, suggestive of being a core component of the innate immune response. In C57BL/6 male mice injected with 100 g of LPS from Escherichia coli (serotype O111:B4), serum activin A concentrations showed a rapid and significant rise, peaking within 1 h and returning to basal levels within 5-8 h [supporting information (SI) Fig. 6 ]. These animals also had elevated concentrations of circulating follistatin between 5 and 12 h after LPS administration. To remove the possibility that the rise in activin was caused by contaminating toxins other than LPS, such as bacterial lipoproteins, usually present in commercially available LPS preparations, a modified phenol extraction technique was used to remove potential contaminants (8) . The injection of purified LPS produced a similar peak in serum activin A when compared with mice injected with nonpurified LPS (Fig. 1A) , indicating that this activin A release was triggered by LPS. Comparison of key proinflammatory cytokines revealed that activin A release was concurrent with TNF but significantly earlier than either IL-6 or IL-1␤ ( Fig. 1 C-E) . Importantly, activin A release occurred 2 h earlier than the release of its binding protein, follistatin (Fig. 1B) , which inhibits activin's actions in vivo and in vitro (4) .
Release of Activin Is Directly Downstream of TLR4 Activation. Because our initial findings suggested that activin A release depended on an LPS-driven TLR4 response, we tested this finding directly in C3H/HeJ mice, a strain with a spontaneous inactivating mutation in TLR4 (9, 10) . Significantly, following phenolpurified LPS administration, there was no activin A response observed in these mice (SI Fig. 7) , and circulating follistatin levels only increased transiently to Ϸ20% of the response observed in normal mice. These mice also displayed a subdued cytokine response to LPS, with circulating TNF and IL-6 being Ϸ1% and IL-1␤ 10% of normal levels in response to LPS. Therefore, these data indicate that activin A release depends on a TLR4 signal, highlighting a mechanism whereby activin A is directly downstream of LPS signaling. Furthermore, the absence of the activin A response and the markedly subdued rise of the other cytokines (TNF and IL-1␤) indicate that activin A release is a critical step in the inflammatory response initiated by LPS. To address the question of where in the TLR4 pathway activin is released, we tested the response to LPS in mice lacking MyD88 (11), a critical adaptor protein in TLR4 signaling. LPS exposure of MyD88 Ϫ/Ϫ mice did not cause a notable release of activin A or follistatin (data not shown). We confirmed this obligate requirement of MyD88 by using a dominant-negative mutant in vitro approach. The TM4 epithelial cell line is sensitive to activation by TLR pathways (12) and releases activin A after LPS stimulation. Transient transfection of a dominant-negative MyD88 P-H mutant (13) dose dependently blocked the LPSdriven release of activin in TM4 cells (Fig. 2) . Thus, these separate outcomes implicate activin A as an early component in the TLR4 signaling cascade dependent on MyD88 recruitment to the TLR4 signaling complex (2).
Blockade of Activin Action Modulates Proinflammatory Cytokine
Profiles. The previous studies clearly established activin A as an early component of innate immunity and the LPS-TLR4 signaling cascade. To further investigate the role of activin in the modulation of the levels of the critical proinflammatory cytokines, namely TNF, IL-1␤, and IL-6 during the LPS-induced inflammatory response, we used follistatin (4) to block the actions of activin in vivo. We administered follistatin i.p. to the mice 30 min before LPS challenge. Several pilot studies were conducted to confirm the ability of follistatin to block activin bioactivity as assessed by the decrease of FSH release (14) . Administration of 1 g of human recombinant follistatin per mouse injected i.p. 30 min before LPS effectively blocked the FSH-stimulating actions of activin A (SI Fig. 8 ). Treatment with follistatin did not alter the initial release of activin A to LPS (Fig.   3A ), but interestingly the rise of endogenous follistatin was suppressed ( Fig. 3B ) presumably because of neutralization of the activin-based stimulation of follistatin secretion (3). Importantly, by blocking the actions of the activin release, follistatin administration altered the profiles of proinflammatory cytokines in response to LPS. TNF and IL-1␤ release were decreased Ϸ50% ( Fig. 3C ) and Ϸ65% (Fig. 3E) , respectively, whereas IL-6 secretion increased Ϸ250% (Fig. 3D) . Furthermore, the temporal release profile of both IL-6 and IL-1␤ were shifted forward by 1 and 2 h, respectively.
This modulation of the release of proinflammatory cytokines was further explored by altering the dose of follistatin used to block the activin bioactivity. In mice given half the amount of follistatin (0.5 g), peak IL-6 levels were about half those when using the 1-g dose but double those when LPS alone was used (Table 1) , confirming a dose-dependent stimulation of IL-6 by activin. There were similar trends apparent when the amount of IL-6 released was calculated by using area-under-curve estimations. Intriguingly, neither the amount of TNF released nor the peak concentrations was altered by the dose of follistatin used, but in every case these were less than half the values when LPS was administered without follistatin pretreatment (Table 1) . Peak levels of IL-1␤ showed a biphasic response to the dose of follistatin, with the 2-g dose inducing a 3-fold increase in peak concentrations, and the amount of IL-1␤ released (area under curve) compared with lower doses of follistatin.
To directly address the effect of activin A on cytokine release, we also injected human recombinant activin A into normal mice based on the 100% sequence homology in the amino acid sequences of human and mouse activin A. Administration of 1 g of activin A induced release of IL-6 within 30 min (Fig. 4) , but did not cause release of TNF or IL-1␤ (data not shown). Taken together, these findings point to a complex interaction in the activin A modulation of the proinflammatory cytokine responses during acute inflammation.
Increased Survival in Lethal Endotoxemia When Activin Action Is
Blocked. To address the biological outcome of blocking activin A effects during acute endotoxemia, mice were administered 35 g/g body weight of phenol-purified LPS with or without 10 g of follistatin given 30 min before the LPS. We found that this dose of LPS was sufficient to cause septic shock and death in 50-65% of mice by 24 h. Significantly, mice that received this single dose of follistatin before LPS had prolonged survival, and the overall number of animals surviving was greater than in mice injected with LPS alone (Fig. 5A ). Serum activin A in those mice that succumbed or who had severe symptoms and were killed for ethical reasons had significantly (P Ͻ 0.0001) higher circulating activin A concentrations than those that survived for 48 h (Fig.  5B) . Overall, this latter study demonstrates that blocking the actions of activin A during lethal endotoxemia increases survival, and that under these circumstances circulating activin is predictive of outcome. The peak concentration and the amount of cytokine released (area under the curve) are given for TNF, IL-6, and IL-1␤. Data are mean Ϯ SE; differing superscripts within a column indicate significant (P Ͻ 0.05) differences between doses.
Discussion
This study demonstrates that LPS challenge results in the release of activin A through mechanisms downstream of TLR4 and the key adaptor protein, MyD88. Additionally, activin A also appears to be responsive to activation of other Toll-like pathways, such as a TLR2 challenge, as demonstrated by studies in a rabbit model of Gram-positive meningitis (15) . We confirmed that activin A is responsive to a TLR2 agonist, Pam3Cys, given to mice in vivo (data not shown). These data, together with some earlier studies in a sheep model, suggest that the response of activin A to inflammatory stimuli is representative of all mammals (6, 16, 17) .
A 10-g dose of follistatin markedly decreased the mortality of mice in response to lethal endotoxemia, strongly arguing that activin A plays an important role in the LPS acute inflammatory event. The profoundly elevated activin A concentrations in the circulation of mice that died, compared with those that survived endotoxemia, are consistent with clinical septicemia, where we have shown that activin A is elevated in those patients with a poor prognosis (6) . Furthermore, the current findings illustrate the potential of follistatin as a therapeutic agent in both acute and chronic inflammatory disorders, particularly as the 10-g dose of follistatin used equates to a molar equivalent of only 2.5 M. Follistatin has been recently used in a therapeutic setting in mouse models of inflammatory bowel disease with significant efficacy (18) .
The observed decrease in serum TNF levels after blockade of activin bioactivity by follistatin suggests that activin modulates the production of this cytokine in vivo. This finding is in agreement with previously published in vitro studies using rat bone marrow-derived macrophages (BMMs) (19) . However, in a noninflammatory setting, activin A did not elicit release of TNF when injected directly, suggesting that activin promotes additional release of TNF, rather than initiating de novo secretion. Conversely, the release of activin A in response to LPS in vivo is not dependent on the action of TNF because the use of a specific TNF receptor antagonist did not affect the normal release profile of activin A after LPS administration to sheep (17) . Further support for a link between high levels of activin A and TNF bioactivity is the profound cachexia and gonadal tumor development noted in mice homozygous for the targeted disruption of the inhibin ␣-subunit gene (20) . The inhibin ␣-subunit dimerizes with the subunits of activin, and its absence leads to considerably elevated endogenous levels of activin A. The cachexia associated with these tumors fails to occur when the actions of activin A are blocked in mice, where the activin type II receptor and the inhibin ␣-subunit genes are disrupted (21) . Unfortunately, it is not possible to test mice with targeted disruption of the activin subunit gene because these mice die within hours of birth because of feeding difficulties associated with a cleft palate (22) .
In contrast to TNF, activin A was able to elicit secretion of IL-6. This result suggests a dual role of activin A in reducing the amount of IL-6 stimulated through the classical NF-B pathway, but conversely being able to instigate de novo release of this cytokine.
Despite the complexity of the modulation of the LPS-induced inflammatory cytokine response to different doses of follistatin, this finding was consistent with existing knowledge of the effects of activin on cytokine production by various cell types in vitro. Activin stimulates I-B activation, nuclear translocation of NF-B, and phosphorylation of ERK1/2 and p38 MAP kinase in murine BMMs under basal conditions and when stimulated with the receptor activator of NF-B ligand and/or colony-stimulating factor-1 (23, 24) . Accordingly, activin has been found to stimulate the production of IL-1␤ and TNF by rat BMMs (19) and IL-1␤, IL-6, and TNF by human monocytes and peripheral blood mononuclear cells (25) . However, activin also has been shown to inhibit the conversion of the IL-1␤ precursor to its secreted bioactive form, presumably by inhibiting caspase-1 activity (26), and to inhibit secretion of IL-6 by human endometrial epithelial cells (27) and rat thymocytes (28) . Notably, activin has stimulatory effects on IL-6 production by human amnion cells at lower doses, but is inhibitory at higher doses (29) . Altogether, these data indicate that activin can exert either stimulatory or inhibitory effects on IL-1␤ and IL-6 in a dose-dependent manner, and that modulating activin activity through follistatin leads to biphasic effects on the production of these two cytokines, as was observed in the present study. The effects of activin on TNF, by contrast, appear to be exclusively stimulatory. We suggest that the effects of activin on key proinflammatory cytokines during acute inflammation may occur by cross-talk between the cytokine and activin signaling pathways. This theory is supported by the recent demonstration that the activated Smad pathway, specifically Smad2 that both activin and TGF-␤ use, down-regulates IL-6-induced STAT signaling, highlighting a mechanism by which activin can interact with IL-6 (30). The identification of structural homology between IFN regulatory factor-3 and Smads provides further possibilities for cross-talk between these apparently diverse cytokine signaling pathways (31) .
The rapidity and time frame of the activin response in the current study, as well as our previous findings in a sheep model (17) , suggest that this release is secretion of prestored activin A, rather than synthesis of a new dimer (see also SI Fig. 9 ). The source of this release is currently unknown, although we believe it is not coming from the vascular endothelium (32); monocytes, for instance, although responsive to LPS, have little stored activin A under basal conditions (33) . Similarly, whether such an inflammatory release extends to other activins, such as activin B,
is not yet known because there is currently no validated immunoassay specific for this form. Nevertheless, there is a dramatic increase in activin ␤ B -subunit mRNA after LPS administration (SI Fig. 9) .
The in vivo studies presented here reveal the pathophysiological relevance of activin A release to inflammatory pathways by clearly demonstrating that modulation or blockade of activin A during an inflammatory challenge profoundly alters the magnitude and kinetics of proinflammatory cytokine release and ultimately affects the degree of mortality to severe inflammatory insults. The data presented here suggest that modulation of cytokine release by activin A may favor the pro-as opposed to the antiinflammatory side of inflammation and highlights the therapeutic potential of follistatin in treatment modalities for inflammatory disorders, such as in sepsis and the development of septic shock. This regulatory network lies immediately downstream of the presumptive LPS receptor and the key adaptor protein, MyD88. Therefore, activin A is a clearly distinct factor critical to a number of aspects of the innate immune response in mammalian organisms.
Methods
Reagents. LPS (E. coli serotype 0127:B8) was obtained from Sigma-Aldrich (St. Louis, MO). LPS was purified by using a modified phenol-water extraction method as previously described (8) . Recombinant human follistatin 288 was obtained from Biotech Pty Ltd. (Sydney, Australia), or purified bovine follistatin isolated from ovarian follicular fluid was used (14) . Human recombinant activin A was a generous gift from Teresa Woodruff (Northwestern University, Evanston, IL).
Mice. Male C57BL/6, C3H/HeJ, or MyD88 Ϫ/Ϫ (11) mice used in experiments were 4-8 weeks old. The mice were weighed before experimentation began and had ad libitum access to mouse chow and tap water. All of the animal studies were conducted in accordance with the National Health and Medical Research Council Australian Code of Practice for the Care of Animals for Scientific Purposes (1997) and were approved by the Monash Medical Centre Animal Ethics Committee.
In Vivo Experiments. In general, groups of six mice were randomly allocated to individual groups or time points. One group of mice was killed to provide basal cytokine levels. All other groups received a 100-g injection of LPS in 100 l of nonpyrogenic saline. All injections were given i.p. In experiments where the effect of follistatin was assessed, animals were given an i.p. injection of follistatin (at the dose specified) in 100 l of isotonic, nonpyrogenic saline solution 30 min before an injection of LPS. Animals were killed at the time points shown in the various figures, and blood was collected into a 1.5-ml Eppendorf (Boulder, CO) tube and stored overnight at 4°C. The blood was then centrifuged at 250 ϫ g for 20 min at room temperature, with the resultant serum removed, and stored at Ϫ20°C until assayed for activin A, follistatin, TNF, IL-6, and IL-1␤. In the study assessing the effect of follistatin when a lethal dose of LPS was used, 45 mice were randomly allocated into a control group of 25 mice and a group of 20 mice for follistatin administration. The control group received LPS alone (35 g/g body weight), and the second group also received a 10-g injection of of follistatin 30 min before the LPS injection. Mice were monitored every 20 min, and the time of death was recorded or individuals were killed for ethical reasons. Any mice alive 48 h after the LPS injection were deemed to have survived the event and were killed. In all circumstances, blood was collected and serum derived as detailed above.
In Vitro Experiments. The TM4 mouse epithelial Sertoli cell line was cultured in DMEM/F12 medium supplemented with antibiotics and 5% FCS. Cells were plated overnight and then transfected with designated amounts of MyD88 dominantnegative construct, a NF-B reporter construct, TK Renilla, and PEFBOS filler plasmid (34) . This transfection occurred overnight, followed by a medium change and a 5-h exposure to 10 ng/ml LPS. Cell lysates and conditioned media samples were collected at the conclusion of this LPS treatment. Lysates were measured for transfection efficiency, and media samples were assayed for activin A concentrations by using the specific ELISA detailed next.
Immunoassays. Activin A was measured by ELISA as previously described by using human recombinant activin A as standard (35) . This ELISA measures both free and follistatin-bound activin A and does not cross-react significantly with other isoforms of activin or with TGF-␤. The mean sensitivity was 0.01 ng/ml, and the mean intra-and interassay coefficients of variation (CVs) were 3.9% and 5.1%, respectively. Follistatin was measured by RIA as described in ref. 36 . As with the activin A ELISA, this RIA measures both free and bound forms. The assay uses human recombinant follistatin 288 as both standard and tracer. The mean assay sensitivity was 2.7 ng/ml, ED 50 was 13.3 ng/ml, and the intra-and interassay CVs were 6.4% and 10.2%, respectively. Mouse TNF, IL-6, and IL-1␤ were measured by ELISA (R&D Systems, Minneapolis, MN). These assays use mouse recombinant proteins as standards and monoclonal antibodies for detection. The sensitivity of the TNF assay was 0.5 pg/ml, and the intra-and interassay CVs were both Ͻ10%. The sensitivity of the IL-6 assay was 0.2 pg/ml, and the intra-and interassay CVs were Ͻ10% and Ͻ12%, respectively. The sensitivity of the IL-1␤ was 3 pg/ml, and the intra-and interassay CVs were Ͻ10% and Ͻ11%, respectively (see SI Methods).
Statistical Analyses. One-way ANOVA was used to determine significant effects, followed by the Student-Newman-Keuls post hoc test. Where appropriate, data were log n-transformed before analysis to correct for heterogeneity of variance. Areaunder-curve derivations were made by using the GraphPad Prism 4.03 package (San Diego, CA). Data are presented as mean Ϯ SE unless otherwise specified, with P Ͻ 0.05 considered significant. 
